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ABSTRACT
We report the results of a blind pulsar survey carried out with the Giant Metrewave
Radio Telescope (GMRT) at 325 MHz. The survey covered about 10% of the region
between Galactic longitude 45◦ < l < 135◦ and Galactic latitude 1◦ < |b| < 10◦ with
a dwell time of 1800 s, resulting in the detection of 28 pulsars. One of these, PSR
J1838+1523, was previously unknown and has a period of 549 ms and a dispersion
measure of 68 pc cm−3. We also present the timing solution of this pulsar obtained from
multi-frequency timing observations carried out with the GMRT and the Ooty Radio
Telescope. The measured flux density of this pulsar is 4.3±1.8 and 1.2±0.7 mJy at 325
and 610 MHz, respectively. This implies a spectral index of −2±0.8, thus making the
expected flux density at 1.4 GHz to be about 0.2 mJy, which would be just detectable
in the high frequency pulsar surveys like the Northern High Time Resolution Universe
pulsar survey. This discovery underlines the importance of low frequency pulsar surveys
in detecting steep spectrum pulsars, thus providing complementary coverage of the
pulsar population.
Key words: (stars:) pulsars: general – (stars:) pulsars: individual (PSR J1838+1523)
– surveys: astronomical databases
1 INTRODUCTION
The active pulsar population in our Galaxy has been es-
timated to be about a million (Faucher-Gigue`re & Kaspi
2006), while the number of currently known pulsars is only
about 26001. On top of that, the observed pulsar emis-
sion shows a lot of temporal variations that range from
nulls (Backer 1970), lasting a few periods, and extreme
ON-OFF states with durations of days to months, shown
by intermittent pulsars (Kramer et al. 2006; Camilo et al.
2012; Lorimer et al. 2012), to transient isolated bursts over
time scales of hours, shown by rotating radio transients
(RRATs; McLaughlin et al. 2006). This makes repeated pul-
sar searches of the same area of sky more fruitful in discov-
ering these interesting objects.
The majority of past and current pulsar surveys have
used large single dish telescopes and ∼1 GHz observing fre-
quencies with shorter integration times as a trade off be-
⋆ E-mail: mpsurnis@ncra.tifr.res.in
1 http://www.atnf.csiro.au/people/pulsar/psrcat/
tween sky background (which reduces the sensitivity at low
frequencies) and survey speed (slow at high frequencies).
A multi-element telescope like the Giant Metrewave Radio
Telescope (GMRT) provides large collecting area of the or-
der of 30,000 m2 with a field of view of about 1◦ at 325
MHz (Swarup et al. 1991). This makes it a sensitive, rapid
pulsar search instrument. In addition, a pulsar survey car-
ried out with the GMRT at 325 MHz would prove to be
complementary to high frequency pulsar surveys in provid-
ing a complete coverage of pulsar parameters by discovering
very steep spectrum pulsars.
With this motivation, Joshi et al. (2009) carried out a
blind pulsar survey with the GMRT at 610 MHz. This sur-
vey covered a region between Galactic longitude 45◦ < l <
135◦ and Galactic latitude |b| < 1◦ and resulted in the dis-
covery of three pulsars. In this work, we present a follow-up
survey done at higher Galactic latitudes at a frequency of
325 MHz. The survey, named GMRT Galactic Plane Pul-
sar and Transient Survey (GMGPPTS), covered about 10%
of the region between Galactic longitude 45◦ < l < 135◦ and
Galactic latitude 1◦ < |b| < 10◦. A total of 28 pulsars were
c© 0000 The Authors
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Figure 1. The region of sky observed in GMGPPTS. Right as-
cension is plotted in hours and declination in degrees. Each small
dot represents the phase center of an individual pointing. Filled
cyan circles indicate the observed fields. The blank area in be-
tween is the Galactic plane.
detected in this survey including one new discovery. Here,
we also report the timing solution of the newly discovered
pulsar, PSR J1838+1523, obtained through multi-frequency
timing observations carried out with the GMRT and the
Ooty Radio Telescope (ORT).
In Section 2, we describe the observational set-up. Sec-
tion 3 outlines the search data analysis. Sensitivity of the
survey is discussed in Section 4. The survey results are men-
tioned in Section 5. The discovery and follow-up of the newly
discovered PSR J1838+1523 are described in Section 6. We
discuss the implications of our results for future low fre-
quency surveys in Section 7. Finally, we present our conclu-
sions in Section 8.
2 SURVEY OBSERVATIONS
We carried out the survey observations with the hardware
back-end of the GMRT. This back-end combined powers
from each of the 30 GMRT dishes to form the incoherent ar-
ray (IA) output. We acquired the data over a bandwidth of
16 MHz. The hardware back-end provided 256 spectral chan-
nels across the band-pass with a sampling time of 256 µs in
16-bit float format. The survey area was divided into 1548
individual pointings (circular region of diameter ∼1◦) and
we observed each pointing for 1800 s. The observations were
carried out in two observing cycles of the GMRT. In each
cycle, we divided the time into 5 sessions of 10 hours each,
placed on consecutive days. We completed the first set of
observations between 2009 July 23–27 and the second set of
observations between 2009 December 25–29. We observed a
total of 152 pointings, covering an area of about 115 deg2.
Figure 1 shows the pointings (purple dots) covering the pro-
posed survey region as well as the observed pointings (filled
cyan circles). The raw data were written to magnetic tapes
as well as hard disks for further analysis. We manually pre-
pared detailed observing logs for each sub-session and care-
fully backed up all the data and the auxiliary files containing
time stamps.
3 DATA ANALYSIS
3.1 Pre-processing
We started the data analysis with the removal of radio fre-
quency interference (RFI). A program developed by us was
used to produce root-mean-square (rms) for each spectral
channel after a 1 s running mean subtraction over the full
1800 s integration. We masked the channels at the begin-
ning and the end of the bandpass (typically 10 channels
from each side). The channels affected by narrow-band RFI
usually showed significantly higher rms than the neighbour-
ing channels. Hence, we also masked the channels with rms
larger than twice the typical rms in the middle 80% band
after a manual inspection of a plot of rms as a function
of spectral channel. This flagging resulted in an effective
bandwidth of 14 MHz. In addition, we also removed a 10
s running mean from each of the unmasked channels to re-
move baseline variations. We then removed broad-band RFI
by subtracting the mean of all spectral channels from each
time sample, the so called zero dispersion measure (DM)
filtering technique (Eatough et al. 2009) and converted the
raw data into 16-bit filterbank format.
3.2 Pulsar Search
We initially analysed these data on a high performance clus-
ter having 32 compute nodes, each with a dual-core proces-
sor. The analysis was done using a search pipeline based
on sigproc2. The search was parallelised using open-mpi3
with the embarrassingly parallel model wherein, for a given
pointing, each node carried out the pulsar search indepen-
dently on its own list of trial DMs. This pipeline searched
for periodicity by summing up to 32 harmonics (five har-
monic sums) with a threshold of eight sigma. We also car-
ried out single-pulse search using the method described by
Cordes & McLaughlin (2003) at each trial DM up to a max-
imum smoothing of 262 ms with a threshold of six sigma.
We re-analysed these data on a new 10 teraflops cluster
at NCRA using a search pipeline based on presto4. The
presto based pipeline used sub-band de-dispersion to re-
duce computational demand (Magro et al. 2011) and hence,
could produce the full range of de-dispersed time-series files
on a single node. We used 256 sub-bands for de-dispersion.
This resulted in maximum smearing of 1.5, 8 and 20 ms at
DMs of 100, 500 and 1000 pc cm−3, respectively. We used
presto to carry out an acceleration search, which is neces-
sary for discovering short orbital period binary pulsars. We
used a zmax of 200 in accelsearch, corresponding to an
acceleration of 18.5 m s−2 for a pulsar with a spin period
of 1 ms (see Ransom et al. 2002, for details). We did not
use presto for single-pulse search. We chose the trial DM
range of 0–1000 pc cm−3 for the pulsar search. We divided
this range in 6 sub-ranges. We searched the range 0–57.6 pc
cm−3 with a DM step of 0.1 pc cm−3, 57.6–112.2 pc cm−3
with a DM step of 0.3 pc cm−3, 112.2–197.7 pc cm−3 with
DM step of 0.5 pc cm−3, 197.7–390.7 pc cm−3 with a DM
step of 1 pc cm−3, 390.7–778.7 pc cm−3 with a DM step of
2 http://www.sigproc.sourceforge.net
3 http://www.open-mpi.org
4 http://www.cv.nrao.edu/∼sransom/presto
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Figure 2. The diagnostic candidate plot showing the discov-
ery of PSR J1838+1523. From top to bottom, the first panel
shows de-dispersed, zero mean time-series, the second panel shows
grey scale plot of folded profile in 8 frequency sub-bands, the
third panel shows grey scale plot of folded profile in 8 time sub-
integrations and the fourth panel shows the folded profile for the
full bandwidth and time.
2 pc cm−3 and 778.7–1000 pc cm−3 with a DM step of 5 pc
cm−3, calculated using the presto tool DDplan.py. We did
not search at DMs larger than 1000 pc cm−3 as the radio
pulses (from pulsars or fast radio bursts) would be scatter-
broadened by more than a few milliseconds at 325 MHz even
at the highest Galactic latitude that we observed.
3.3 Candidate Selection
We manually scrutinized the candidate plots generated by
the sigproc based pipeline. One such plot is shown in Fig-
ure 2 showing the discovery of PSR J1838+1523. For the
presto based pipeline, we used the built-in candidate sift-
ing script accel sift.py to prune the list of candidates. In
the sifting, we rejected the candidates below a significance of
eight sigma. In addition, we also rejected candidates with pe-
riods below 0.5 ms or above 15 s as well as candidates which
appeared at only one trial DM. We produced the diagnostic
plots only for the selected candidates and scrutinized them
manually.
4 SURVEY SENSITIVITY
We calculated the overall survey sensitivity using the ra-
diometer equation, which gives the minimum detectable flux
density
S min =
S/NminTsys
G
√
nAnptobs△ f
√
W
P−W
(1)
We assumed a system temperature (Tsys) of 190 K [re-
ceiver temperature of 66 K (Lal 2013) and sky background of
124 K (averaged over the survey region), scaled to 325 MHz
from the Haslam et al. (1982) sky map], telescope gain (G) of
0.32 K Jy−1 Antenna−1 for 25 GMRT antennae (nA) with 2
polarizations summed (np), and a cut-off S/N of 8 (S/Nmin).
In the above equation, P and W are the pulse period and
width of a top-hat pulse with equal area. We assumed a pulse
width of 10% of the period for our calculations. In order to
get a practical estimate of the sensitivity, the theoretical sen-
sitivity was multiplied by a degradation factor, which was
given by the mean ratio of expected to observed profile S/N
for known pulsars. The expected S/N were calculated using
the above stated assumptions and the radiometer equation
with S min replaced by S mean, which is the pulse averaged
flux density of the pulsar in mJy. We scaled the mean flux
densities of the known pulsars to the observing frequency us-
ing the available spectral indices from the pulsar catalogue5
(Manchester et al. 2005). In cases, where spectral index was
not available, we assumed it to be −1.4 (Bates et al. 2013).
We further corrected the frequency scaled flux densities for
the beam response at 325 MHz given the offset in the po-
sition of the pulsar with respect to the beam center. We
estimated pulse widths for detected pulsars from their ob-
served profiles. In the case of undetected pulsars, we used
their pulse widths (w10) given in the pulsar catalogue. We
assumed a pulse width of 10% whenever published pulse
widths were not available.
In order to estimate the sensitivity for the single-pulse
search, we produced pulse energy sequences in the ON and
OFF pulse regions for known pulsars. The de-dispersed time-
series was folded modulo the pulsar period to produce a
phase-time plot showing each pulse period. ON and OFF
pulse widows of equal width were then manually chosen with
the help of an interactive program to produce sequences of
pulse energies as separate files. We then calculated the ob-
served single pulse S/N by taking a ratio of the mean of
ON pulse energies to the rms of the OFF pulse energies in
an RFI-free region. We calculated the expected single pulse
S/N using the radiometer equation
S/N =
S meanG
√
nAnptobs,sp△ f
Tsys
(2)
with tobs,sp equal to the duration of the ON (or OFF) pulse
window. The ratio of the expected to observed S/N provided
the degradation factor for scaling the theoretical sensitivity
to get a practical estimate of the survey sensitivity. To es-
timate the degradation factor, we used only those pulsars
where observed S/N did not differ from the expected S/N by
more than a factor of five to exclude cases of large amounts
of RFI affecting the sensitivity. We report the degradation
factors for the harmonic and single-pulse search in Section
5.
5 http://www.atnf.csiro.au/people/pulsar/psrcat/
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5 RESULTS
We detected a total of 28 pulsars out of which one, PSR
J1838+1523 (see Figure 2), is a newly discovered pulsar.
The results of the follow-up timing observations for this
pulsar are discussed in detail in the next section. The ob-
served fields contained 32 known pulsars. Out of the five
non-detections, the expected scintillation time scale for PSR
B1907+12 is about 3000 s, much longer than the inte-
gration time of 1800 s. PSR J0103+54 has no measured
flux density and a position uncertainty of the order of 0.1◦
(Karako-Argaman et al. 2015) hence, it could be on the edge
of the GMRT IA beam. The other three pulsars are new dis-
coveries (Stovall et al. 2014) and have a large position uncer-
tainty of the order of 0.8◦. Table 1 lists the detected known
pulsars with their parameters. The table also lists expected
and observed profile S/N with appropriate remarks for dis-
crepancies and non-detections. One point worth mentioning
with respect to the observed DMs is that for some pulsars
like PSRs B0105+65, B1919+20, B1919+21, B1920+21 and
B1929+10, they are different than the catalogued DMs (see
Table 1). While the catalogued DMs are usually estimated
from multi-frequency timing analysis, the DMs estimated
from search analysis can be offset from true pulsar DM. One
glance at Table 1 reveals that wherever the search DMs are
offset, the pulse was distorted due to zero DM filtering. This
could be a dominant reason for the search DMs to be slightly
offset, especially if the pulsar is strong. We also detected 13
out of the 32 known pulsars in the single-pulse search. Al-
though we did not search at very large DMs, we did not
detect any fast radio bursts in the single-pulse search. We
estimated the expected theoretical sensitivity for an eight
sigma detection assuming a 10% pulse duty cycle to be 1.4
mJy. Excluding the pulsars which showed either very low
or very high observed S/N as compared to expected S/N
(either due to RFI or scintillation), the mean degradation
factor was found to be 1.9. The major source of degradation
in the sensitivity is residual RFI present in the data. Thus,
the practical eight sigma detection limit for a pulsar with a
spin period of 10 ms and a DM of 100 pc cm−3, having 10%
duty cycle for our survey is 2.7 mJy. The detection limits for
other duty cycles can be inferred from the sensitivity curve
plotted in Figure 3. We estimated the expected eight sigma
minimum detectable flux density for the single-pulse search
(assuming a pulse width of 10 ms) to be 1.8 Jy, while the
mean observed degradation factor was found to be 1.3. This
implies a corrected value of 2.3 Jy or a fluence of 23 mJy s.
We are also reporting pulse averaged flux densities at
325 MHz for PSRs J2030+55 and J2102+38 for the first time
from the observed profiles (Figure 4) using the radiometer
equation (see Equation 1). The estimated pulse averaged
flux density for PSR J2030+55 is 7.2±0.6 mJy and for PSR
J2102+38, it is 4.4±0.5 mJy. The errors in flux density are
the three sigma radiometer noise values for the same param-
eters as given in Section 4.
6 PSR J1838+1523
6.1 Initial Timing Observations at the GMRT
Immediately after the confirmation as a pulsar, we car-
ried out gridding observations [as described by (Joshi et al.
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Figure 3. The overall survey sensitivity (S min) as a function of
the pulse duty cycle for a period of 10 ms and a DM of 100 pc
cm−3.
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Figure 4. Pulse profiles for PSRs J2030+55 (left) and J2102+38
(right) at a frequency of 325 MHz.
2009)] for PSR J1838+1523 to reduce the position un-
certainty. We followed this with regular timing observa-
tions between 2011 February 12 − 2014 March 29 (MJD
55604−56745) at a cadence of two weeks at 325 MHz with the
GMRT in the IA mode using the GMRT software back-end
(GSB; Roy et al. 2010). This back-end provided 512 spec-
tral channels across a bandwidth of 33 MHz with 122.88 µs
sampling. We recorded interferometry data simultaneously
with a sampling time of 16 s. We used an integration time of
1800 s in each session. For interferometry observations, we
observed 3C48 and 3C286 as flux calibrators and 1822−096
and 1859+129 as phase calibrators. During the initial grid-
ding observations (wherein the position uncertainty was still
0.6◦), we noticed that the pulsar was not detected in all
the observations carried out between 2011 August 30 (MJD
55803) and 2012 June 13 (MJD 56090). After this, the pul-
sar showed a random set of detections and non-detections
on a time scale of one–two months. When the pulsar was
detected again in observations carried out on 2013 Decem-
MNRAS 000, 1–10 (0000)
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Table 1. Parameters for known pulsars in the region covered by GMGPPTS. The columns from left to right are, pulsar name, observed
period, catalogue period, observed DM, catalogue DM, expected S/N, observed S/N, the distance of the pulsar from the field center,
whether single pulses were detected, and remarks for any discrepancies. The catalogue period and DM as well as parameters for all
un-detected pulsars were taken from the ATNF pulsar catalogue (version 1.54).
Name Pobs Pcat DMobs DMcat Expected Observed Distance Single Pulses Remarks
(ms) (ms) pc cm-3 pc cm-3 S/N S/N (◦) Detected ?
J0103+54 ∗ 354.3 ∗ 55.6 ∗ ∗ 0.5 N Large position uncertainty
B0105+65 1283.7 1283.7 32.5 30.5 189 116 0.2 Y Pulse distortion due to zero DM filtering
J0112+66 ∗ 4301.2 ∗ 112.0 98 ∗ 0.2 N Large position uncertainty
B1842+14 375.5 375.5 41.0 41.5 115 45 0.9 N
B1848+12 1205.3 1205.3 71.6 70.6 110 25 0.6 N Pulse distortion due to zero DM filtering
B1848+13 345.6 345.6 61.1 60.1 54 27 0.6 N
J1853+1303 4.1 4.1 30.6 30.6 62 26 0.2 N
B1907+10 283.6 283.6 150.4 150.0 724 422 0.5 Y
B1907+12 ∗ 1441.7 ∗ 258.6 45 ∗ 0.2 N Scintillation time of 3000 s at 325 MHz
B1911+13 521.5 521.5 144.7 145.1 70 37 0.3 N
B1915+13 194.6 194.6 94.7 94.5 222 159 0.9 N
B1918+19 821.0 821.0 153.2 153.9 387 102 0.2 N
B1919+20 380.3 760.7 97.4 101.0 31 15 0.3 N
B1919+21 668.7 1337.3 8.2 12.4 1210 403 0.3 Y Pulse distortion due to zero DM filtering
B1920+21 1078.0 1078.0 214.7 217.1 415 330 0.6 Y
B1929+10 226.5 226.5 6.7 3.4 2635 578 0.7 Y Pulse distortion due to zero DM filtering
B1933+16 358.7 358.7 158.6 158.5 2360 1376 0.6 Y
J1944+0907 5.2 5.2 24.4 24.3 12 15 0.2 N
B1944+17 440.6 440.6 17.3 16.2 446 14 0.2 N Baseline affected by 50 Hz harmonic (440 ms)
B1946+35 717.3 717.3 129.2 129.1 692 595 0.7 Y
B2016+28 557.9 557.9 15.3 14.2 3066 672 0.7 Y Pulse distortion due to zero DM filtering
B2020+28 343.4 343.4 27.0 24.6 701 384 0.3 Y
J2030+55 289.5 579.0 60.5 60.0 ∗ 37 0.3 N No flux measurements available
B2035+36 618.7 618.7 91.7 93.6 81 34 0.7 N
J2102+38 1190.0 1189.9 85.7 85.0 ∗ 26 0.4 N No flux measurements available
B2111+46 1014.6 1014.7 144.2 141.3 609 893 0.3 Y
J2137+64 ∗ 1750.9 ∗ 106.0 35 ∗ 0.5 N Large position uncertainty
B2217+47 538.4 538.5 46.4 43.5 1030 2446 0.2 Y
B2224+65 682.5 682.5 38.0 36.1 478 26 0.4 N Large amount of unaccounted RFI
J2229+64 ∗ 1893.1 ∗ 194.0 21 ∗ 0.4 N Large position uncertainty
J2238+6021 1023.4 3070.2 185.7 182.0 2517 42 0.2 Y Large position uncertainty
B2323+63 1436.2 1436.3 199.7 197.4 190 41 0.6 Y Pulse distortion due to zero DM filtering
ber 27 (MJD 56653), we decided to do gridding observations
with the ORT.
6.2 Timing Observations at the ORT
ORT has a fan shaped beam with a beam width of about
2.3◦ in right ascension and 6′ in declination. We used this
fact to construct an array of 15 pointings along the declina-
tions between +14◦25′ to +15◦49′ with a separation of 6′.
We carried out the gridding observations on 2013 December
31 (MJD 56657) wherein, we observed each pointing for 15
minutes. The pulsar was detected in two of the 15 pointings.
We then observed three more declination positions separated
by 3′ centred at the declination of +15◦25′ for 15 minutes
each. Based on the observed S/N, we narrowed down the
declination position of the pulsar to +15◦22′. We immedi-
ately started daily follow-up observations at the ORT. These
observations continued until 2015 July 31 (MJD 57234). The
cadence was decreased to twice per week from then onwards.
We used the Pulsar Ooty Radio Telescope New Digital Ef-
ficient Receiver (PONDER; Naidu et al. 2015), which pro-
vided coherently de-dispersed time-series data over 16 MHz
bandwidth with 500 µs sampling for an integration time of
1800 s for each epoch. We also observed 3C93 and 3C94 as
flux density calibrators.
6.3 Multi-frequency Timing Observations at the
GMRT
We obtained a phase connected timing solution from ORT
timing observations spread over a six month period. We con-
firmed the refined pulsar position thus obtained, using an
observing session at 820 MHz with the Green Bank Tele-
scope (GBT) on 2014 September 11 in search mode with a
bandwidth of 200 MHz and a sampling time of 82 µs. The
data were recorded for 1800 s with the Green Bank Ulti-
mate Pulsar Processing Instrument (GUPPI; DuPlain et al.
2008). Once the pulsar position was identified with good ac-
curacy, we observed the pulsar at 1170 MHz (2 epochs) and
610 MHz (11 epochs) with the GMRT, with simultaneous
ORT observations at 325 MHz, in order to determine a more
precise DM and spectral index of the pulsar. We carried out
these observations between 2014 October 25 (MJD 56955)
and 2015 September 17 (MJD 57282) recording simultane-
ous phased array and interferometry data with a cadence of
about a month.
6.4 Time-series Analysis and Results
Both of the observations at 1170 MHz with the GMRT re-
sulted in non-detections, while at 610 MHz, there were 4
non-detections. On the other 7 epochs, we obtained folded
profiles from GMRT as well as ORT data using sigproc. We
used flux density calibrator scans on each epoch to calibrate
these profiles. The resultant profiles at different observing
frequencies are shown in Figure 5.
At each observing frequency, we added the observed
profiles after matching their peaks to form high S/N (S/N
∼ 200) template profiles. We determined the pulse times-
of-arrival (TOAs) using a standard template matching tech-
nique as described by Taylor (1992). We then carried out the
MNRAS 000, 1–10 (0000)
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Figure 5. Average profiles of PSR J1838+1523 at different fre-
quencies. The profiles at 325 and 610 MHz were scaled using in-
terferometric measurements, while the 820 MHz GBT profile was
scaled using extrapolated flux density assuming a spectral index
of −2. The effective integration times for the profiles are 0.5, 5
and 20 hours at 820, 610 and 325 MHz, respectively.
timing analysis using tempo26(Hobbs et al. 2006). During
the timing analysis, we noticed that the TOA uncertainties
reported by the cross-correlation analysis were underesti-
mated. We thus used a multiplicative factor (EFAC) to get
final TOA uncertainties. We determined the EFACs for dif-
ferent telescopes and frequencies independently such that
the reduced χ2 value of the timing model fit was 1. The re-
sultant EFACs were 2.5 and 5.3 for GMRT TOAs at 325 and
610 MHz, respectively. The EFACs for ORT and GBT TOAs
were found to be 2.7 and 1.6, respectively. Table 2 shows
the timing solution obtained from multi-frequency timing
observations while the timing residuals are shown in Figure
6. It should be noted that the DM was also determined from
multi-frequency TOAs.
When we used the final timing solution to fold the ini-
tial non-detections with the GMRT at 325 MHz, 15 out of
30 epochs resulted in weak detections with the profile S/N
lying between 8–10. The average profile obtained after aver-
aging these weak detections is shown in Figure 7 along with
average profile for all non-detections.
6.5 Imaging Analysis and Results
Given the intermittent nature of detections for this pulsar
and consequent difficulty in getting a good timing solution,
we resorted to making images from the interferometry data
to obtain a more accurate position. To avoid confusion with
other nearby radio point sources, we used the following logic.
If the pulsar is detected in the time-series, it will be present
as a continuum source in the image and not otherwise. In
order to make images, the data had to be flagged and cal-
ibrated carefully. We used a program flagcal7(Chengalur
2013) for this purpose. We then made images with the As-
tronomical Image Processing System (AIPS)8 package. We
6 www.atnf.csiro.au/research/pulsar/tempo2
7 http://hdl.handle.net/2301/581
8 http://www.aips.nrao.edu/index.shtml
Fit and data-set
Pulsar name. . . . . . . . . . . . . . . . . . . . . . . . . . . . . J1838+1523
MJD range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55770–57655
Data span (yr) . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2
Number of TOAs. . . . . . . . . . . . . . . . . . . . . . . . 386
RMS timing residual (ms) . . . . . . . . . . . . . . . 1.6
Measured Quantities
Pulse frequency, ν (s−1) . . . . . . . . . . . . . . . . . . 1.820960929021(4)
First derivative of pulse frequency, ν˙ (s−2) −6.724(2)×10−17
Dispersion measure, DM (pc cm−3) . . . . . . 68.26(3)
Set Quantities
Epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . 56675
Derived Quantities
Right ascension, α (hh:mm:ss) . . . . . . . . . . . 18:38:46.78(1)
Declination, δ (dd:mm:ss) . . . . . . . . . . . . . . . +15:23:25.4(1)
Galactic longitude, l (◦) . . . . . . . . . . . . . . . . . 45.34730(4)
Galactic latitude, b (◦) . . . . . . . . . . . . . . . . . . +9.69399(4)
log10(Characteristic age, yr) . . . . . . . . . . . . . 8.6
log10(Surface magnetic field strength, G) 11.0
log10(E˙, ergs/s) . . . . . . . . . . . . . . . . . . . . . . . . . 30.7
Assumptions
Clock correction procedure . . . . . . . . . . . . . . TT(TAI)
Solar system ephemeris model . . . . . . . . . . . DE405
Binary model . . . . . . . . . . . . . . . . . . . . . . . . . . . NONE
Model version number . . . . . . . . . . . . . . . . . . . 5.00
Table 2. Timing solution obtained for PSR J1838+1523. (Note:
Figures in parentheses are the nominal one sigma tempo2 uncer-
tainties in the least-significant digits quoted.)
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Figure 6. Post-fit timing residuals obtained for PSR
J1838+1523. The rms post-fit residual is 1.6 ms. The blue as-
terisks indicate TOAs measured at 325 MHz, while green crosses
indicate TOAs measured at 610 MHz with the GMRT. Purple
crosses indicate TOAs measured with the ORT at 326 MHz and
yellow squares indicate TOAs measured with the GBT at 820
MHz. The gap in ORT TOAs is due to the telescope being down
for maintenance.
used multi-facet imaging technique with 19 facets spread
across the primary beam to correct for the W-projection
effect (Cotton 1999). We also carried out 3 rounds of self-
calibration with solution intervals of 4, 1, and 0.5 min-
utes to get the final image at each epoch. The detection
in the PA mode observations with the GMRT at 610 MHz
helped in narrowing down the region (to less than 100′′) to
look for the continuum counterpart of the pulsar. This re-
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Figure 7. Left Panel: Average profile obtained after adding the
individual profiles obtained from the 15 weak detections corre-
sponding to an integration time of 7.5 hours. Right Panel: Average
profile obtained after adding all the non-detections corresponding
to an integration time of 4.5 hours.
gion contained only two continuum sources in the images
at 325 MHz. One of these sources was identified as NVSS
183850+152214 by comparing with the NRAO VLA Sky
Survey (NVSS; Condon et al. 1998) image at 1400 MHz.
The other source, located at RA 18h 38m 47s, DEC +15◦
23′ 27′′ with an error of about 6′′, did not have a coun-
terpart in the NVSS map, implying a steep spectrum. In
addition, NVSS 183850+152214 turned out to be a very flat
spectrum source with flux densities of 8.3±1.5 and 7.0±0.5
mJy at 325 and 1400 MHz, respectively. This indicated that
the unidentified source could be the pulsar. The radio image
of this region for one epoch is shown in panel (a) in Figure
8. This conjecture was confirmed when the steep spectrum
source was not detected in an image made on one epoch
which resulted in non-detection of the pulsar in the time se-
ries as well (upper limit on continuum flux density from the
radio map is consistent with the expected detection thresh-
old calculated from Equation 1). Panel (b) in Figure 8 shows
the radio image of this epoch. The position of the pulsar ob-
tained in the final timing solution (see Table 2) is consistent
with the position of the continuum source, thus providing an
independent confirmation. When we made images for other
epochs with time-series non-detections, we found that the
continuum source was present. This supported the possibil-
ity of the pulsar having un-pulsed emission. We discuss the
implications of this conjecture in Section 7.
We made flux density measurements in the radio im-
ages using the AIPS task jmfit. We used a single elliptical
Gaussian as a starting model to fit the observed source. The
major and minor axes of the post-fit position error ellipse
reported by jmfit were comparable to the synthesized beam
size. Thus, this source is an unresolved (point) source and
possesses no structure greater than 6′′ in angular size. We
have plotted the measured flux density as a function of MJD
for imaging as well as time-series data in Figure 9. As can be
clearly seen in the plot, PSR J1838+1523 sometimes shows
continuum radio emission, when it is not detected in pulsa-
tion.
The mean flux density of PSR J1838+1523, as esti-
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Figure 8. Interferometric images made at 325 MHz showing
radio source NVSS J183850+152214 (towards bottom left) and
PSR J1838+1523 (towards top right) at two epochs. (a): The
image made on 2012 December 1 (MJD 56262). The pulsar was
detected in the time-series on this epoch. (b): The image made
on 2013 March 30 (MJD 56381). The pulsar was not detected in
the time series on this epoch. In both panels, the image rms is 0.6
mJy. The contours are at 2.4, 3.6, 4.8, 6.0, 7.2 and 8.4 mJy. The
synthesized beam is plotted in an inset on the bottom left corner.
mated from all the measurements, at different frequencies
is listed in Table 3.
All the measurements at a given frequency are consis-
tent with each other with the mean flux density of 4.3±1.8
mJy at 325 MHz and 1.2±0.7 mJy at 610 MHz. This implies
a spectral index of −2±0.8. Extrapolating the spectral index
to a frequency of 1400 MHz gives a predicted flux density of
about 0.2 mJy which is much lower than the detection limit
of 2.5 mJy for NVSS (Condon et al. 1998). The rms noise
in the 1170 MHz maps made with the GMRT imaging data
were of the same order, whereas the expected flux density at
1170 MHz is 0.3 mJy. Thus, the non-detection in the NVSS
maps and 1170 MHz GMRT observations is consistent with
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Figure 9. Flux density measurements of PSR J1838+1523 at
different epochs. The observing frequency is 325 MHz. Red crosses
indicate flux density measured from GMRT images. Green crosses
indicate flux density measured from GMRT time-series data and
blue asterisks indicate flux density measured from ORT time-
series data. Black arrows, near the bottom of the plot, indicate
eight sigma upper limits on the flux density for a pulsed source
in time-series non-detections.
Observation Frequency
type 325 MHz 610 MHz
Time-series (GMRT) 4.0(1.8) mJy 1.0(0.4) mJy
Time-series (ORT) 4.2(1.6) mJy -
Imaging (GMRT) 4.7(1.2) mJy 1.4(0.7) mJy
Table 3. Mean flux densities of PSR J1838+1523 at different fre-
quencies. The uncertainties (reported in parentheses) come from
the systematic variation across time rather than measurement
uncertainties, which are about 15%.
the implied spectral index. In fact, given the level of uncer-
tainties in the imaging measurements at 610 MHz (Table
3), the non-detections at this frequency are not surprising
considering the fact that the flux density of the pulsar is
very close to the detection limit and a small change due to
scintillation will take the flux density below the detection
limit.
6.6 Flux density variations
One look at Figure 9 reveals that the flux density of PSR
J1838+1523 varies a lot. In order to estimate the scintil-
lation parameters, we carried out a five hour observation
with the ORT on 2015 June 4 (MJD 57177). The data were
recorded using 1024 frequency channels and were sampled
every 512 µs to achieve maximum time and frequency reso-
lution. No clear scintillation features were visible in the dy-
namic spectra. For this line of sight, the predicted diffractive
inter-stellar scintillation (DISS) time scale is 300 s, while the
scintillation bandwidth is 0.25 MHz (Cordes & Lazio 2002).
The lack of clear scintillation features prevents us from draw-
ing a firm conclusion about the exact cause of flux density
variations, which could be due to refractive inter-stellar scin-
tillation (RISS).
7 DISCUSSION
This survey detected 28 pulsars including one discovery. The
simulations using psrpop9 (Lorimer et al. 2006) with the
post-analysis parameters (including the sensitivity degra-
dation factor and reduced effective bandwidth due to RFI
clipping) indicated the detection of 91 to 101 normal pul-
sars and a maximum of five millisecond pulsars (MSPs)
over the full survey region. Out of these, 72 normal pul-
sars and three MSPs were already discovered in previous
surveys [see the ATNF pulsar catalogue (Manchester et al.
2005) at http://www.atnf.csiro.au/people/pulsar/psrcat/].
As can be seen in Figure 1, we could only cover 10% of
the proposed survey region, that too with a very patchy
sky coverage. To compare expected number of pulsars with
the yield of our survey with this patchy coverage, we tried
to obtain the detection rates for strips of 10% area along
Galactic latitude and longitude using psrpop. These simu-
lations suggest detecting between four to 15 normal pulsars
and between zero to two MSPs. Our detection of 28 pulsars,
including two MSPs and one discovery, is therefore higher
than that predicted by the population models, which were
used in the simulations. While this may suggest revision of
these models, it may also be noted that the number of known
pulsars in the region observed by us is almost half of that in
the full proposed region (30 normal pulsars and two MSPs).
Thus, it is also possible that this distinctly non-uniform sur-
vey coverage in terms of the distribution of known normal
pulsars may be responsible for the higher inferred detection
rate.
Broad-band RFI also affected the yield of our survey.
The analysis without implementing zero DM filtering re-
sulted in the detection of only 10 pulsars in the periodicity
search and four in the single-pulse search. After zero DM
filtering, the degradation factor for the periodicity search
changed from about 2.5 to 1.9 accompanied with the detec-
tion of 18 more pulsars including one discovery, while the
change in degradation factor for the single-pulse search was
from 2.5 to 1.3 with the detection of nine more pulsars. Thus,
the only pulsar discovered in this survey was detected be-
cause of the zero DM filtering technique. Although broad-
band RFI at low radio frequencies can not be completely
removed by zero DM filtering, these figures demonstrate the
usefulness of this technique and the need for doing more so-
phisticated RFI mitigation for low frequency pulsar surveys.
The follow-up observations for PSR J1838+1523 and
the subsequent analysis allowed us to obtain a timing so-
lution in a step-wise approach using different types of mea-
surements with multiple telescopes. The time-series observa-
tions using a gridding technique and initial timing observa-
tions with the GMRT provided the first constraints on the
position. The position uncertainty in right ascension thus
obtained was smaller than that in declination. The unique
beam shape of ORT then allowed the uncertainty on the
declination position to be reduced. Further refinement in po-
sition used detection with the GBT, which has a much nar-
rower beam (∼12′) at 820 MHz, detections using PA mode
of GMRT at 325 and 610 MHz and multi-frequency imag-
ing data with the GMRT. Apart from a much more refined
9 http://www.psrpop.phys.wvu.edu/index.php
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pulsar position, the same observations provided further con-
straints on the flux density, spectral index and flux den-
sity variations completely characterizing the source under
study. Rapid localization, important for a reliable timing
solution, thus requires using multiple techniques and tele-
scopes. Such a strategy will be vital for the Square Kilome-
tre Array (SKA), which is expected to find more than 10,000
normal pulsars and 1,500 MSPs (Keane et al. 2015).
PSR J1838+1523 shows both short-term and long-term
flux density variations (Figure 9). While this is typical of
most pulsars, the flux density of this pulsar varies by more
than an order of magnitude, when the upper limits in Fig-
ure 9 are taken into account, which is unusual. This was the
reason for a sequence of non-detections after its discovery,
which presented a difficulty in its confirmation and local-
ization. Given the small scintillation bandwidth, we believe
that DISS may not be responsible for its non-detection, but
could account for the flux density variation seen in epoch to
epoch measurements. The variations on shorter time scales
(like the ones seen in the ORT data with daily cadence) could
be produced by DISS, whereas the non-detections in time-
series data at GMRT in the longer term could be caused by
long-term RISS given the clustering of GMRT time-series
flux densities near the detection limit.
The fact that we detect a continuum source even in the
epochs of time-series non-detections hints that either the in-
terferometric data are more sensitive than the IA data or we
are seeing un-pulsed emission in the image, similar to what
was seen for PSR J0218+4232 by Navarro et al. (1995). The
flux density ratio of continuum to pulsed emission from their
studies is of the order of 2. In their work, they recommend
that the flux densities should be measured simultaneously
to establish that the variation is indeed intrinsic. This is
exactly the case for PSR J1838+1523. If we take the time-
series non-detections into account, the ratio of continuum to
pulsed emission could be as high as 3.5 for PSR J1838+1523.
In fact, we did not see any appreciable pulsed emission even
after coherently folding nine out of the 15 non-detections
(the remaining data had a lot of RFI). If the pulsar does
switch off completely, this would imply a ratio of ON to
OFF state emission of about 23.5, much less than what was
estimated for other intermittent pulsars (Kramer et al. 2006;
Camilo et al. 2012; Lorimer et al. 2012). We also do not see
any evidence for a change in the period derivative of the
pulsar unlike the intermittent pulsars. This may hint at the
failure of the coherent emission mechanism responsible for
pulsed emission while keeping the same amount of particle
flow, which may have given rise to the apparently un-pulsed
emission.
8 CONCLUSIONS
We have carried out a blind pulsar survey with the GMRT
at 325 MHz, resulting in the detection of 28 pulsars
including one new discovery, PSR J1838+1523. The overall
survey sensitivity for an eight sigma detection for 10% duty
cycle is estimated to be 2.7 mJy. The newly discovered
pulsar, PSR J1838+1523, has a period of 549 ms and a DM
of 68 pc cm−3. We have obtained the full timing solution of
this pulsar by using a combination of radio imaging (aiding
the localization) and multi-frequency timing observations
carried out with the GMRT, GBT, and ORT. We see
a lot of variation of the flux density of this pulsar over
short (days) and long (months) durations, including many
non-detections. We believe that the short-term variations
could be intrinsic and longer term variations could be due
to refractive scintillation. We also see continuum radio
emission from this pulsar at 325 MHz even when there are
no pulsations detected. From our study of PSR J1838+1523,
we conclude that simultaneous imaging capability is highly
desirable for future low frequency pulsar surveys and note
that pulsar surveys like the one mentioned here would
provide good testing grounds for future pulsar surveys with
the SKA.
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